Introduction
Major progress has been made in kaon physics in the past 50 years. The number of observed K L → π + π − events has increased by 6 orders of magnitude, and the observed CP violation was experimentally proven to be caused by a complex phase in the CKM matrix. This mechanism is now a fundamental piece of the standard model. Recent kaon experiments are now even searching for new physics beyond the standard model with K → πνν decays. The branching ratios of K → πνν decays are 7-8 orders of magnitude smaller than the branching ratio of K L → π + π − , and CP -violating K L → π 0 π 0 decay is now a major background for K L → π 0 νν experiments.
This paper reviews the progress of kaon experiments in the US and Japan as requested by the conference organizer, and how the 6-7 orders of magnitude improvements were possible in the past 50 years. 1 
Quest for /
Soon after the discovery of CP violation [1] , the K L → π + π − decay was explained to be caused by an admixture of a CP -even component in the K L [2] :
where this CP -even component was decaying to a CP -even π + π − state. This admixture is introduced by a complex phase in the K 0 − K 0 mixing. The next question was whether the CP -odd K odd can directly decay to a CP -even ππ state. Such process is called direct CP violation. If the direct CP violation exists, the ratios between decay amplitudes:
can be different due to isospin. The existence of the direct CP violation can thus be tested by checking whether the double ratio:
= η ± η 00 2
1 + 6Re( / ) (6) deviates from 1 or not. The superweak model [3] explained that a very weak unknown interaction that changes the strangeness by ±2 brings in the phase. However, the superweak model cannot violate CP in the K L → ππ decay process because it cannot contribute to such a ∆S = ±1 transition.
Advancement in Experimental Technologies
To measure the double ratio R, high statistics is required. This means that both a higher kaon flux and detectors capable to collect data with higher rates are needed.
Production Target
To get a higher kaon flux, the advancement of accelerators was essential, but there was also a change in production targets. In 1964, the experiment that first discovered CP violation with 35 K L → π + π − events used an "internal target" in the accelerator ring as shown in Fig. 1 . The target was a Be wire with 0.5 mm in diameter [4] .
In 1969, at the CERN PS, the proton beam was extracted from the accelerator to bombard a 72-mm-thick tungsten target. About 400 K L → π + π − events were collected [5] , ten times more than in the first experiment. y are seen in
The events cov For the experiment that discovered CP violation, the regenerator was removed, and a He bag was installed between the collimator and spectrometers [4] . c 2014 The American Physical Society.
Charged Spectrometers
There was also a change in detector technologies. The standard tracking devices in the 1960s were spark chambers. They had an advantage that only the tracks of interest can be made visible by applying HV pulses for triggered events. Mirrors were arranged to capture sparks in multiple spark chambers of each event in a single photograph. For the first CP violation experiment, tracks in the photographs were scanned by human "scanners" with digitized angular encoders [4] . is a thin-aluminum-electrode chamber; and L3 is a range chamber. The function of the di wire-magnetic-core chamber L1 is described in the text.
44
Figure 2: A spot scanner using CRT as a moving light source. The light spot was controlled by a PDP-1 computer, and was focused onto the film, of which the local transparency was measured by a photomultiplier (DET. PM). @2014 IEEE. Reprinted, with permission, from [6] .
In 1969, the experiment at the CERN PS [5] used an automatic "Luciole Flying Spot Digitizer" which could scan 1000 frames per hour. This used a CRT instead of a mechanical system to move a bright light spot quickly across a film and record the intensity of light passing through the film with a phototube [6] . Figure 2 shows a similar spot scanner with a CRT, made by the Univ. of Michigan.
In the late 1960s, experiments started to move away from using films. Experiments at CERN and BNL used ferrite-core readout systems to read out spark positions and recorded them on tape directly [7, 8, 9] . This readout system allowed the BNL experiment to collect 9400 K L,S → π + π − events, 300 times the first CP violation experiment.
In the early 1970s, experiments started to use multi-wire proportional chambers (MWPC). For example, the experiment that observed the first K L → µ + µ − decays [10] used MWPCs with 5000 wires that had a 2-mm wire spacing. With the same detector, the experiment collected 2 M K L,S → π + π − events [11] .
The geometry of spectrometers has also changed. The CP violation experiment in 1964 used a double-arm spectrometer with two sets of quadrupole magnets and spark chambers located at ±22 • from the neutral beam line as shown in Fig. 1 . This geometry was optimized for the 1.1-GeV/c average K L momentum.
A later experiment at CERN [12] in 1965 used a forward spectrometer with one dipole magnet sandwiched between four spark chambers as shown in Fig. 3 to have a high acceptance for pions from K L 's with the average momentum 11 GeV/c. It also had aČerenkov counter between the downstream spark chambers for a particle identification. The forward spectrometer became the standard for the experiments that followed. Figure 3 : Plan view of an experimental apparatus at CERN which used a forward spectrometer. SCi are spark chambers, Ni and Pi are scintillators, B is a bending magnet, anď C is aČerenkov counter. Reprinted from [12] . Copyright 2014, with permission from Elsevier.
Photon Detectors
Let us now switch to the neutral K L → π 0 π 0 mode. One of the questions after the discovery of CP violation was whether there was also the neutral counterpart of the K L → π + π − . The K L → π 0 π 0 decay mode was far more difficult than the charged mode, because photons were not readily visible, and there was a large background from the K L → π 0 π 0 π 0 decay mode.
In 1968, an experiment at CERN [13] used a bubble chamber, 1.2 m in diameter and 1 m deep, filled with heavy liquid freon to collect events with 4 photons converted in the chamber. The experiment observed 24 events with 7.4 background events, and gave
Also in 1968, an experiment at Princeton-Pennsylvania Accelerator [14, 15] used a spectrometer and "γ chambers" surrounding the four sides of a 30 cm × 30 cm K L beam as shown in Fig. 4 . A photon was converted in a 0.1 X 0 lead sheet placed on one side, and the resulting electron pair was momentum analyzed in a magnetic spectrometer. A wide gap spark chamber was used before the magnet to minimize multiple scatterings, and thin gap spark chambers were used to track the e ± pairs after leaving the magnet. The other three sides were covered with "γ chambers" consisting of layers of steel plates and spark chambers to measure the hit positions of the other three photons. The hit timings were also recorded to measure the time-of-flight of K L s with a peak momentum of 0.25 GeV/c bunched in a 1 ns width. The decay vertex was assumed to be along the photon momentum axis measured with the spectrometer to reconstruct the decay. The experiment observed 57 ± 9 events, and gave Figure 5 : Schematic view of the experimental apparatus at BNL that was used to detect K L → π 0 π 0 decays. Photon detectors were placed in the beam direction [17] . c 2014 The American Physical Society.
The same group then moved to BNL to measure |η 00 |/|η ± |. The detector geometry was changed to have a higher acceptance for a higher mean K L momentum (6 GeV/c), and to detect both π + π − and π 0 π 0 modes. As shown in Fig. 5 , a spectrometer and "γ counters" were located in the beam-forward direction. Still it required one of the four photons to be converted in a 0.1-X 0 -thick converter, and the momenta of converted electron pairs to be measured. The π 0 π 0 events were reconstructed basically with the same technique as the previous experiment, with the momentum of one photon, along with conversion positions, but not the energies, of other three photons. The experiment observed 124 ± 11 K L → π 0 π 0 events with 3 ± 3 K L → π 0 π 0 π 0 background events [17] .
Calorimeters
There was also an attempt to measure the energies and directions of all four photons with limited accuracies. An experiment at CERN [18] used two spark chamber systems with Al and brass plates, with a total thickness of 11.6 X 0 , as shown in Fig. 6 . The number of sparks gave an energy resolution of 25% for 500 MeV electrons. The experiment observed about 200 K L → π 0 π 0 events, and gave
With kind permission of Springer Science+Business Media ($69) Figure 6 : Plan view of the experiment apparatus at CERN (taken from [18] ). Two spark chambers systems with radiators were used to measure conversion points, initial direction, and shower energy of each photon from Plan view of the experiment apparatus at CERN using a lead glass array to measure the energy of photons from K L → π 0 π 0 . Spark chambers interleaved with converter foils were used to measure the conversion points and directions of two photons from the decay. Reprinted from [19] . Copyright 2014, with permission from Elsevier.
Another experiment at CERN [19] introduced a calorimeter consisting of 61 hexagonal lead-glass modules (13 X 0 long) to measure the energies of all four photons, as shown in Fig. 7 . The energy resolution was 3.3%/ E γ (GeV). The experiment also had spark chambers with lead foils to measure the directions of at least two photons to reconstruct the decay vertex. The pulse heights from the lead-glass and spark coordinates read out via ferrite cores were written on tape. The experiment collected 167 K L → π 0 π 0 events, and gave |η 00 /η ± | = 1.00 ± 0.06.
Hard Wall
By 1973, the number of K L → π + π − events reached 4200 [20] . However, the number of K L → π 0 π 0 events was still about 200. The small statistics of K L → π 0 π 0 events limited the accuracy of Re( / ); the best results were Re( / ) = −0.016 ± 0.040 [17] , and Re( / ) = 0.00 ± 0.01 [19] , which were both consistent with 0. Experiments hit a hard wall.
In 1976, in his beautiful review, Kleinknecht wrote [21] It is not easy to improve substantially the experimental precision. A decision between superweak and milliweak models of CP violation will therefore probably have to come from other experimental information outside the K 0 system.
Considering the difficulties that they had in the mid-1970s, such a view is not surprising. What did kaon experiments do then? There were two major streams. One was to measure the charge asymmetry of semi-leptonic
, gives 2Re( ) where N ± is the number of observed K 3 decays with ± . These measurements required high statistics and a good control of systematic errors. For example, an experiment at CERN [22] collected 34M K e3 and 15M K µ3 events, and measured δ e = (3.65 ± 0.17) × 10 −3 and
The other stream was to measure the amplitudes of the regeneration of K S from K L interacting with materials. Although it looked irrelevant, this stream lead to the measurements of Re( / ) later.
Standard Model Prediction on the /
In the 1970s, there were movements on the theoretical side. First, Kobayashi and Maskawa explained [23] that the phase which naturally comes in the mixing between 3 generations of quarks can explain the CP violation in the K 0 − K 0 transition via a box diagram shown in Fig. 8(a) . Second, in addition to a standard tree diagram shown in Fig. 8 Fig. 8 (c) was introduced by Ellis et al. [24] and Shifman et al. [25, 26] . The complex phase in the penguin diagram can violate CP in the decay process. Gilman and Wise predicted the value of Re( / ) to be (3 − 5) × 10 −3 with the Kobayashi-Maskawa model [27] , whereas the superweak model predicted it to be 0. To measure the Re( / ) with an accuracy of 1 × 10 −3 , 30k K L → π 0 π 0 events are needed, and systematic errors should be controlled to a 0.1% level. Although the predicted value was 10 times smaller than the values predicted by some other models, it gave a clear goal for experiments.
Precision Experiments

Early 1980s
In the early 1980s, a new generation of experiments started at BNL [28] and Fermilab (FNAL E617) [29] . Both experiments used dipole magnets and chambers (MWPCs for BNL, and drift chambers for Fermilab) to analyze the momentum of π + π − tracks, as shown
in Fig. 9 . A thin lead sheet was placed upstream of the first chamber to convert one of the photons from the π 0 π 0 decays, and to track the produced electron pairs. They both used lead glass arrays to measure the hit positions and energies of photons and electrons. The K L → πeν events were rejected by comparing the energy deposit in the lead glass array and the track momentum. The K L → πµν events were rejected by detecting muons passing through a steel wall located downstream of the calorimeter. Both experiments inserted carbon blocks in the K L beam to regenerate K S , but the techniques were different. In the BNL experiment, the regenerator was moved in and out to alternate between K S and K L runs. The Fermilab experiment had two K L beams, and moved the regenerator between the two beams to observe K L and K S decays simultaneously, which cancels various systematical effects. Another difference was the proton and kaon momentum; the BNL experiment used 28-GeV protons to produce 7-14 GeV/c kaons, while the Fermilab experiment used 400-GeV protons to produce kaons with the mean momentum around 70-90 GeV/c. The BNL experiment collected 1120 K L → π 0 π 0 events and gave Re( / ) = 0.0017 ± 0.0082. The Fermilab experiment collected 3150 K L → π 0 π 0 events and gave Re( / ) = −0.0046 ± 0.0058. Although both results were consistent with 0, it became clear that using higher energy kaons was more advantageous because of the higher acceptance and the better energy resolution for photons. It is worth noting that the Fermilab E617 was the cornerstone for the Fermilab / experiments that followed. The experiment introduced a double beam technique, using a regenerator to observe K L and K S decays simultaneously to suppress systematic errors. This double-beam technique was actually inherited from Fermilab E226 and E486 which studied regeneration on electrons [30] and coherent regeneration amplitudes on various nuclei [31] , respectively.
Fermilab E731
In the mid-1980s, Fermilab E731 was built. It used 800 GeV protons to produce two K L beams with the average energy of 70 GeV. An improved B 4 C regenerator alternated between the two beams every spill. Four drift chambers were built for a better position resolution, and a lead glass array was used as an electromagnetic calorimeter. Initially, for the π 0 π 0 run, a 0.1-X 0 -thick lead sheet was inserted at the end of a decay volume to convert one m wide, and with a gap of 60 cm, produced a field tegral of 0.5 T, giving a transverse-momentum impulse of 150 MeV/c to high-energy singly charged particles. The resolution of the spectrometer was about dp/p = 0.005p, where the momentum p is measured in GeV/c. An array of 208 pieces of lead-glass, 6.3 cmx 6.3 cm && 50 cm, located downstream of the magnet served to measure the energies of the nogam. ma rays emitted in the course of the neutral decays. A hole in the array, 12.5 cm by 12.5 cm, allowed the main neutral beam to pass. The spectrometer was terminated by a steel wall 60 cm thick, backed with scintillation counters set in anticoincidence.
Charged Tr++m events were selected through a kinematic fit where the angle of decay of the pions was determined by the trajectories provided by the PWC Neutral events were accepted if one gamma ray was converted in a 1.0-mm-thick sheet of lead placed just in front of the PWC array A, such that the electronpositron pair passed through the spectrometer, and three gamma rays were converted in the lead-glass array. (The selected charged events passed through a 4-cm-high transverse gap in the lead converter. ) The intersection of the trajectory of the converted pair with the pencil beam defined the point of decay. With the further knowledge of the energy and direction of the four gamma rays, three from the glass array and the fourth by the magnetic spectrometer system, the decay kinematics were completely determined. Events were selected such that two sets of two gamma rays defined an invariant mass within 15 Figure 9 : (a): Schematics of the Re( / ) experimental apparatuses at BNL (taken from [28] , and (b): Fermilab E617 (taken from [29] ). Fermilab E617 used two beams to observe K L and K S decays simultaneously. c 2014 The American Physical Society.
of the photons for tracking, just as the past experiments. A dipole magnet located just downstream of the lead sheet split the electron pairs. Its field was tuned such that the downstream spectrometer would focus the pair on to the lead glass calorimeter, as shown in Fig. 10 . However, requiring a photon conversion imposed a limit on the statistics; only 30% of the π 0 π 0 decays had converted electron pairs, and the π + π − and π 0 π 0 events had to be collected in separate runs because the lead sheet had to be removed for the π + π − run to minimize multiple scatterings.
Initially, still converting photons After some studies, the experiment decided to break the 30 years of tradition of converting photons. For the last part of the experiment, it ran without the lead sheet, and collected 4 photons without converting them, 2 and also took π + π − and π 0 π 0 modes simultaneously for the first time. This big step was made possible by two technological developments. One 2 CERN NA31 experiment triggered on 2π 0 events with a hodoscope in a liquid Ar calorimeter.
was a second-level trigger to count the number of clusters in the calorimeter [32] which reduced the trigger rate by a factor 10 by collecting only 4 and 6 clusters. The other was a FASTBUS-based data acquisition system which reduced the dead time by a factor 10, from 5 ms to 0.5 ms.
At the end, Fermilab E731 collected 410 k K L → π 0 π 0 events and 327 k K L → π + π − events, and gave Re( / ) = (7.4 ± 5.2(stat) ± 2.9(syst)) × 10 −4 [33] . Compared to E617, it reduced the overall error by a factor 14 with 130 times more K L → π 0 π 0 events.
The Fermilab result was only 1.2σ away from 0, and still consistent with 0, whereas its competitor, CERN NA31, gave Re( / ) = (20 ± 7) × 10 −4 [34] which was 3σ away from 0. There were intense arguments between the two experiments. CERN NA31 used a moving production target for K S runs to make the K L and K S decay vertex distributions similar. The experiment claimed that this method made the analysis less dependent on Monte Carlo simulations. Fermilab E731 argued that even with different decay vertex distributions between K L and regenerated K S , the geometrical acceptances obtained with Monte Carlo simulations can be checked with high-statistics decay modes such as K L → πeν and K L → π 0 π 0 π 0 . Also, it argued that it is more important to collect K L and K S data simultaneously with the same detector, rather than to take π + π − and π 0 π 0 modes simultaneously, because efficiencies of charged and neutral mode detectors have different rate dependences. These arguments, however, could not solve the discrepancy between the two experimental results. At the end, both groups decided to build new experiments, CERN NA48, and Fermilab KTeV-E832, to improve the accuracy and precision by another order of magnitude. In this paper, I will concentrate on KTeV-E832, because CERN NA48 will be covered in detail by M. Sozzi [35] .
Fermilab KTeV-E832
Fermilab KTeV built a new beam line with a better collimation scheme to make a cleaner beam with less halo neutrons even with a higher proton intensity. Figure 11(a) shows the plan view of the KTeV detectors. The new regenerator was made of fully active scintillators to suppress backgrounds from non-coherent regenerations. A new large spectrometer magnet with a uniform field was made for the π + π − decays. A new electromagnetic calorimeter shown in Fig. 11(b) , covering 1.9 m × 1.9 m, was built with pure CsI crystals 27 X 0 long, to have a better energy resolution. To improve the position resolution, 2.5-cm-square crystals were used in the central 1.2 m × 1.2 m region, and 5.0-cm-square crystals in the outer region. The scintillation light from the crystals were read out by phototubes and digitized right behind the phototubes every 19 ns to minimize electric noise, record the pulse shape, and to supply hit information for counting the number of clusters. The energy resolution was less than 1% for most of the energy range, reaching about 0.45%, which was the best resolution for the calorimeter of this size. A new data acquisition system used a matrix of memories to buffer events during spill 3 and to distribute the events evenly to 36 120-MIPS CPUs (fast in those days) to reconstruct all the events for online filtering. Re(✏ 0 /✏) Figure 13 : The results of Re( / ) vs. published year. The horizontal band shows the PDG average [39] . Figure 14 shows the error on the Re( / ) as a function of the number K L → π 0 π 0 events (N ). The error is clearly proportional to 1/ √ N . This means that the systematic errors were also reduced accordingly with statistical errors. All these improvements in statistics and precision were made not only by the beam power. Beam line design, chamber technology, photon measurement technology, trigger and data acquisition systems, and even magnetic tape technology had to be improved along with it, and behind them were people's innovative ideas, deep thinking, and many years of hard work.
Quest for K → πνν
With the Re( / ) results and the observation of CP violation in B decays, the KobayashiMaskawa model was determined to be the source of CP violations that had been observed in laboratories, and became a solid piece in the standard model. However, the effect of this CP violation mechanism is still too small to explain the baryon -antibaryon asymmetry in the universe. There should be new physics beyond the standard model that violates CP . After the establishment of Re( / ) = 0, kaon experiments changed their focus to search for new physics beyond the standard model. To search for a small sign of new physics, there are two important points. First, the background has to be small, and second, it has to be known with a small error. Here, in addition to backgrounds caused by experimental techniques such as misidentifying particles or mis-measurements, background decays caused by the standard model itself should also be well known. The decay modes that have small and well-known branching ratios are K L → π 0 νν and K + → π + νν. These decay modes proceed through a penguin diagram as shown in Fig. 15 . In the standard model, the major contribution comes from a diagram with a top quark in the loop. The branching ratios predicted by the standard model are small: BR(K L → π 0 νν) = 2.4 × 10 −11 , and BR(K + → π + νν) = 7.8 × 10 −11 [40] . Also, theoretical uncertainties are only about 2 − 4%. The current errors are dominated by the errors of the known CKM parameters, and those will be reduced in the upcoming B factory experiments. New physics can contribute to these decays by having new physics particles in the loop. It can then change the branching ratios from the values predicted by the standard model. The K L → π 0 νν decay is sensitive to new physics that breaks CP symmetry, because K L is mostly CP odd, and the π 0 νν state is CP even.
Physics of
K → πνν t(ũ) W (⇥) Z 0 s d
History of
Let us first start from the charged K + → π + νν decay. The signature of the decay is a single π + decaying from a K + . Major backgrounds are K + → µ + ν decay where the µ + is misidentified as π + , and K + → π + π 0 decay where the two photons from the π 0 are missed. The search for K + → π + νν also has a long history, and dates back to 1970 [41] . The K + → π + νν events were first observed by BNL E787, and its branching ratio was measured by the E787 and E949 experiments. Figure 16(a) shows the detector of BNL E949. The experiment stopped the K + beam in a target, and looked for a single π + coming out from the target. Stopping the K + simplifies the kinematics in reconstruction because the lab frame and the center of mass frame are the same. The momentum of the π + is measured with a solenoid magnetic and a central drift chamber. The energy deposit and the range of the π + were measured in a stack of scintillators (range counter) for identifying pions. In addition, the π + → µ + → e + decay chain was traced by recording wave forms in the range counter to further identify pions. 4 The detector was surrounded by photon veto counters to suppress the background from K + → π + π 0 decays. Figure 16(b) shows the scatter plot of the energy deposit and the range of π + events observed by BNL E787 and E949. The experiments found 7 events in total, and gave BR(K + → π + νν) = (1.73
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, photon detection coverage over the 4-solid angle to reject K 2 and K þ ! þ 0 (K 2 ), and efficient identification of a single incoming K þ to suppress beam-related background.
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The incoming charged-particle beam, containing approximately three K þ for every þ , traversed a Č erenkov counter, two stations of beam wire proportional chambers (BWPCs), a passive BeO degrader, an active degrader (AD), and a beam hodoscope (B4) as shown in Fig. 2 . The BWPCs, located between the upstream photon veto (UPV) and BeO, are not explicitly shown in the figure. Typically, 1:6 Â 10 6 kaons=s entered the target during a 2.2 s spill. Č erenkov photons emitted by an incoming K þ ( þ ) passing through a lucite radiator were transmitted (internally reflected) into 14 ''kaon'' (''pion'') photomultiplier tubes to form C K (C ) coincidences. The photomultiplier tube (PMT) signals were split and fed to a discriminator and a Â10 amplifier. The discriminator output was used as input to the time-to-digital converters (TDCs) and to the trigger (Sec. II B). The amplifier outputs were fed to 500 MHz charge-coupled devices (CCDs) [38] . The first (second) BWPC station was located downstream 
which no rejection is given in the table were reduced by the acceptance factor of the particular cut. For example, the acceptance of the cell defined by KIN T Á TD R Á DC R Á PV T relative to the acceptance for the entire signal region was A KIN T Â ð1 À A TD T Þ Â ð1 À A DC T Þ Â A PV T with obvious notation, and the K 2 -target-scatter background component relative to the contribution to the entire signal region was reduced by the factor
IV. RESULTS
In this section, we describe the results of examining the signal region and the evaluation of the K þ ! þ branching ratio. We also describe the evaluation of our observations within alternative models of
A. Examination of the signal region
After completion of the background and acceptance analyses, all selection criteria were applied to the ð1 þ 2Þ trigger data. Three signal candidate events were observed. Some measured properties of the three events are listed in Table X . The plot of the kinetic energy vs range of the three events along with the events found in the previous ð1Þ [2] and ð2Þ [35, 45] analyses are shown in Fig. 16 . The candidates' measured properties used in the selection criteria were consistent with the expected distributions for K þ ! þ decay signal. There was no observed activity in the kaon fibers at the time of the þ for any of the three candidates according to the CCDPUL analysis. All three events failed one or more of the tight cuts described in Sec. III E. The þ momentum of event A failed the tight momentum cut of 165 MeV=c. Events B and C failed the tight photon veto cut due to energy deposits of 2.4 and 2.1 MeV in the EC above the 1.7 MeV threshold, respectively, and events A and C failed the tight DC T cut of 6 ns on the kaon-decay time.
The central value of the K þ ! þ branching ratio was taken to be the value of BðK þ ! þ Þ that maximized the likelihood ratio X [Eq. (17) ]. For the three events observed by this analysis, we determined BðK þ ! þ Þ ¼ ð7:89 þ9:26 À5:10 Þ Â 10 À10 where the quoted 68% confidence level interval was determined from the behavior of X as described in [56] and took into account both the statistical and systematic uncertainties. The systematic uncertainties included the 10% uncertainty in the acceptance as well as the uncertainties in the estimation of the background components. The inclusion of systematic uncertainties had a negligible effect on the confidence level interval due to the poor statistical precision inherent in a three event sample. The probability that these three events were due to background only, given the estimated background in each cell (Table VIII) . Systematic uncertainties were treated as described above when performing the combination, except that we assumed a correlated 10% uncertainty for the Currently, CERN NA61 is preparing a new experiment to collect 45 K + → π + νν standard model events per year. It uses high energy decay-in-flight K + s to minimize hadron interactions in the beam line, and usesČerenkov counters to identify pions and kaons. More details of the NA61 is covered by M. Sozzi [35] .
History of
Let us next move to the neutral K L → π 0 νν decay. Although the K L → π 0 νν decay mode is theoretically clean, it is challenging experimentally. One cannot trigger on the incoming K L because it is neutral, and the only observable particles are the two photons from the π 0 decay. The initial K L momentum and its decay vertex is unknown, making the signal selection difficult. In addition, there is a major background from the K L → π 0 π 0 decay mode if two of the four photons from the decay are missed. The first experimental upper limit on the branching ratio was BR(K L → π 0 νν) < 7.6 × 10 −3 (90% CL) [44] , based on the Cronin's old result on K L → π 0 π 0 [45] .
The first dedicated data was taken by KTeV E799-II, a rare-kaon experiment at Fermilab. It had a one-day special run to look for events with only 2 photons which decayed from the π 0 in K L → π 0 νν decay, and gave an upper limit, BR(K L → π 0 νν) < 1.6 × 10 −6 (90% CL) [46] .
The KTeV E799-II also looked for the π 0 Dalitz decay. Using the e + e − tracks from the Dalitz decay, the decay vertex was reconstructed, the m eeγ was required to be consistent with the π 0 mass, and the π 0 was required to have a transverse momentum P T > 0.16 GeV/c. Based on no observed events, the experiment gave BR(K L → π 0 νν) < 5.9 × 10 −7 (90% CL) [47] . Although the Dalitz decay can provide tight kinematical constraints, it has less sensitivity than the experiments with π 0 → γγ decays, because the BR(π 0 → e + e − γ) is only 1.2%, and the acceptance for the e + e − pair is small due to it small opening angle. 
CsI calorimeter
The energy and hit position of photons, such as the two photons that would come from the 0 decay in the K 0 L ! 0 signal, were measured by using a calorimeter placed at the downstream end of the decay region. As shown in Fig. 6 , the calorimeter was made of 496 undoped CsI crystals each with a dimension of 7 Â 7 Â 30 cm 3 (Main CsI) [18] and assembled in a cylindrical shape with an outer diameter of 1.9 m. There was a 12 cm Â 12 cm beam hole at the center of the calorimeter. The beam hole was surrounded by a tungsten-scintillator collar counter (CC03) and 24 CsI modules with dimensions of 5 Â 5 Â 50 cm 3 (KTeV CsI) [19] . The gaps at the periphery of the cylinder were filled with 56 CsI modules with trapezoidal shape and 24 modules of lead-scintillator sandwich counters (lead/scintillator sandwich). These modules were tightly stacked such that the gaps between them were less than 0.1 mm. Although the CC03 and the sandwich counters were used only in the veto system, the other parts, which consisted of CsI crystals, were used for photon measurements. The average light yield of the main CsI modules was 16 pe=MeV, where pe=MeV is the unit of the number of photoelectrons emitted from the photomultiplier tube (PMT) cathode for an energy deposit of 1 MeV in the detector. Details of the CsI calorimeter have been reported in Ref. [20] .
Charged veto counter
A set of plastic scintillation counters (named CV) were placed in front of the CsI calorimeter to identify events that included the emission of charged particles, such as K [21] . A total of 32 sector-shaped modules (outer CV) were placed at a distance of 50 cm from the front face of the CsI calorimeter. The outer CV modules were arranged to have overlaps between adjacent modules. The beam region from the outer CV to the CsI was covered by the inner CV, which was a square pipe formed with four plastic scintillator plates. The inner and outer CVs were closely connected with aluminum fixtures. In order to eliminate gaps between the outer and inner modules, the inner modules were extended to cover the edge of the outer modules. The edges of the outer CV and the inner CV were located close to the beam, and neutrons in the beam halo frequently interacted with them.
Barrel counters
The decay region was surrounded with two large leadscintillator sandwich counters: the main barrel (MB) and the front barrel (FB), composed of 32 and 16 modules, respectively. The modules were tightly assembled with small gaps [22] , as shown in Fig. 7 .
The lamination was parallel to the beam axis, and the lengths of the MB and FB modules were 5.5 m and 2.75 m, respectively. We developed a new type of plastic scintillator made of a resin mechanically strengthened with a mixture of styrene and methacrylate [23] . The scintillator counters were fabricated by extrusion. The thickness of the The acceptance loss due to accidental activities in the detector was estimated from real data taken with the TM trigger. The accidental loss was estimated to be 20.6% for the Run-3 data, in which the losses in MB (7.4%) and BA (6.4%) were major contributions. For Run-2, the accidental loss was estimated to be 17.4%; the difference between Run-2 and Run-3 was due to the difference in the BA counters used in the data taking. The acceptance loss caused by the selections on the timing dispersion of each photon cluster and on the timing difference between two photons was estimated separately by using real data and was obtained to be 8.9%. Thus, the total acceptance for the K 0 L ! 0 was ð1:06 AE 0:08Þ% for Run-2 and ð1:00 AE 0:06Þ% for Run-3 case, where the errors are dominated by the systematic uncertainties that are discussed later. Figure 26 shows the distribution of the MC K 0 L ! 0 events in the scatter plot of P T -Z VTX after imposing all of the other cuts.
Single event sensitivity
By using the number of K 0 L decays and the total acceptance, the single event sensitivity for K 
D. Results
After finalizing all of the event selection cuts, the can-
VI. SYSTEMATIC UNCERTAINTIES
Although the systematic uncertainties were not taken into account in setting the current upper limit on the branching ratio, we will describe our treatment for them to provide a thorough understanding of the experiment. In particular, systematic uncertainties of the single event sensitivity and background estimates due to halo neutrons are discussed in order.
A. Uncertainty of the single event sensitivity
The systematic uncertainty of the single event sensitivity was evaluated by summing the uncertainties of the number of K Figure 18 : Scatter plot of the reconstructed P T vs the Z position of the events that passed all other cuts observed by KEK E391a experiment (taken from [48] ). The solid rectangle indicates the signal region.
As shown in Fig. 17 , the detector consists of an electromagnetic calorimeter to detect two photons from the π 0 , and a hermetic photon veto system surrounding a decay volume to suppress the K L → π 0 π 0 background. The calorimeter was made of 7-cm square and 30-cm long pure CsI crystals stacked inside a cylinder with 1 m radius. The surfaces of these detectors were covered by plastic scintillators to veto charged particles. All of these detectors were housed inside a vacuum tank. The neutral beam had to be in vacuum to suppress π 0 s produced by neutrons interacting with residual gas, and thus required a beam pipe. If the detectors were located outside the beam pipe, low energy photons could be absorbed in the beam pipe, and the K L → π 0 π 0 background would increase. The solution was to minimize such dead material by placing most of the detectors inside effectively a large "beam pipe". The calorimeter had a hole at the center for the beam to pass through. In downstream, another photon veto counter was placed in the beam to veto photons escaping through the hole. Figure 18 shows the scatter plot of decay vertex and the transverse momentum (P T ) of π 0 's. The decay vertex and P T were reconstructed by assuming that the two photons from a π 0 originated at the center of the beam area. Based on no events in the signal region, the 14 experiment lowered the upper limit to BR(K L → π 0 νν) < 2.6 × 10 −8 (90% CL) [48] .
J-PARC KOTO Experiment
A new K L → π 0 νν experiment, called KOTO, is starting up at the J-PARC laboratory in Japan. It utilizes a high intensity 30-GeV proton beam to achieve a sensitivity close to the branching ratio predicted by the standard model [49] . The protons extracted from the Main Ring hit a common target shared by multiple experiments. A neutral beam line is extracted at 16 • from the proton beam line. A new pair of collimators were designed to suppress neutrons in the beam halo. The vacuum tank and photon veto detectors used at the KEK E391a were moved to J-PARC. The electromagnetic calorimeter was replaced with the pure CsI crystals used for the Fermilab KTeV experiments. With their small cross-sections (2.5-cm-square crystals in the 1.2 m × 1.2 m region, and 5-cm-square crystals in the outer region), it has a better γ/neutron identification, and it can suppress backgrounds caused by two photons hitting the calorimeter together, which is another mechanism of missing a photon. The energy resolution is also improved by their longer length, 50 cm (27X 0 ). The charged veto counter covering the upstream side of the calorimeter was replaced with two layers of plastic scintillators. Each plane is only 3 mm thick to suppress halo neutrons interacting in the counter. The photon veto detector covering the upstream end of the decay volume was replaced with CsI crystals to improve the veto efficiency and to detect beam-halo neutrons. A new photon veto detector was placed in the beam downstream of the calorimeter to veto photons escaping through the beam hole in the calorimeter. The detector was made of modules consisting of a lead converter and an aerogelČerenkov counter to have a low veto inefficiency (10 −3 ) for photons even under full beam intensity. The signals from all the detector components are digitized with flash ADCs. They are used to record the waveforms to identify signals in a high-rate environment, and to produce trigger signals based on the digitized information.
The KOTO experiment started its first physics run in May 2013. Although the run was terminated after 100 hours of data taking due to a radiation accident in the experimental hall, it is pursuing physics analysis intensively. 5 After the J-PARC Hadron Experimental Facility recovers from the accident, KOTO is planning to install a new photon veto detector, increase the beam intensity, and start high-sensitivity runs. Figure 19 shows the predictions of the branching ratios of K + → π + νν and K L → π 0 νν by various theoretical models. In the next few years, the CERN NA61 and J-PARC KOTO experiments will explore this large unexplored region. moved on to high precision experiments to measure the charge asymmetry in semileptonic decays and K S regeneration amplitudes. The experimental technologies and knowledge accumulated then later became the foundations of the modern Re( / ) experiments which established the non-zero value. The stream of high-statistics experiments have also moved onto rare K decay experiments which I could not cover in my talk. These two streams are now recombined to the new K → πνν experiments to search for physics beyond the standard model. Now that we are finally entering an unexplored territory, we should be open to any new signs that may appear. 
Prospect of K → πνν experiments
Summary
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